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Abstract12
The formation and evolution of micron-sized droplets of a Newtonian liquid generated on demand in an13
industrial inkjet printhead were studied experimentally and simulated numerically. The shapes and posi-14
tions of droplets during droplet formation were observed using a high-speed camera and compared with15
their numerically obtained analogues. Both the experiments and the simulations use practical length scales16
for inkjet printing. The results show how fluid properties, specifically viscosity and surface tension, affect17
the drop formation, ligament length and break-off time. We identify the parameter space of fluid properties18
for producing single drops at a prescribed speed and show this is not simply a restriction on the Ohnesorge19
number, but that there is an additional restriction on the Reynolds number that is distinct from the Reynolds20
number limit associated with the prevention of splashing. This phase diagram provides more precise guid-21
ance on the space of fluid parameters for jetting single droplets in drop-on-demand inkjet printers.22
I. INTRODUCTION23
Industrial inkjet printing requires precise control of the formation and jetting of small droplets24
of a liquid ink. A typical industrial drop-on-demand (DOD) print-head contains hundreds to thou-25
sands of nozzles arranged in an array, such that each nozzle can be independently controlled.26
Nozzle diameters range from 10 to 100 µm in diameter generating drops with volume from 0.5 to27
500 pL at speeds typically between 5 and 10ms−1 [1, 2]. A key challenge in DOD printing is to28
identify the combinations of print-head design, actuation signals and fluid properties to generate29
droplets of a specified speed and size, whilst minimising the formation of satellite droplets. In this30
paper we use a combination of numerical simulations and experiments to identify the parameter31
space of fluid properties for generating single droplets at the typical speed and scale found in inkjet32
printing.33
In the majority of industrial inkjet printers drops are generated by a piezolectric ceramic ele-34
ment, which changes shape in response to an electric current, creating a pressure pulse within the35
print-head that leads to the ejection of a small volume of fluid [2, 3]. The shape that is commonly36
observed for the ejected fluid upon exiting the nozzle is a nearly spherical head with a trailing37
ligament [2, 4]. However the detailed shape, drop volume and velocity are all controlled by the38
magnitude and form of the pressure pulse.39
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A low amplitude pressure pulse produces a slow drop with a short ligament that is absorbed40
into the head forming a single drop. Increasing the amplitude of the pulse results in a higher drop41
speed, but also a longer ligament. Since such ligaments are unstable to the Rayleigh-Plateau [5, 6]42
instability longer ligaments (above a critical aspect ratio) break-up into smaller satellite drops [7].43
Whilst some, faster moving, satellite drops will catch up and merge with the main drop, satellite44
drops that do not merge tend not to land at the desired location and so are detrimental to print45
quality. Therefore, although increasing the speed of the main drop improves both printing accuracy46
and productivity, it can also lead to an increase in satellite drop generation. For Newtonian fluids,47
the formation of droplets from jets can be characterised by two dimensionless groups comparing48
the importance of surface tension, viscosity and inertia. These are:49
• the Reynolds number, Re : the ratio between inertial and viscous forces in a moving fluid,50
Re =
ρUR
µ
,51
where ρ is the ink density, U is the drop speed, R is the nozzle radius and µ is the ink52
viscosity, and53
• the Weber number, We : the ratio between inertia and surface tension,54
We =
ρU2R
γ
,55
where γ is the ink surface tension.56
However, these two dimensionless groups can be combined to form a further group, the Ohnesorge57
number [8], which is independent of drop speed and depends only on the physical properties of58
the liquid and the dimensions of the jet or the drop,59
• Ohnesorge number, Oh ,60
Oh =
√
We
Re
=
µ√
γρR
.61
The Ohnesorge number characterises both the capillary driven pinch-off of a liquid bridge, which62
causes the break-off of the jet from the nozzle, and the Rayleigh-Plateau instability of an infinite63
jet, which is the key mechanism for satellite drop formation. In particular, Derby [9] suggests that64
DOD printing requires the value of Ohnesorge number to be in the range 0.1 to 1. For Oh > 165
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viscosity delays the break-off of the jet from the nozzle, while for Oh < 0.1, the ligament will66
break up to form a large number of satellite droplets. Whilst this criterion is a useful guide in the67
development of inks, it does not take account of the effects of drop speed on ligament length which68
in turn affects the formation of satellites [7].69
The inks used in the inkjet printing industry are often complex formulations including partic-70
ulates, polymers and other additives depending on the functional requirements of the ink [9, 10].71
These additives can cause the inks to have complex rheological behaviour under the high strain-72
rate conditions of inkjet printing. For example polymeric additives have been shown to have a73
dramatic effect [11, 12] on drop formation, due to the increased resistance to extensional flow.74
The presence of particulates increases the fluid viscosity, but can also introduce other effects, for75
example where an asymmetry on the meniscus leads to the entrapment of air bubbles inside the76
nozzle [13]. However, in this paper we focus on the jetting of Newtonian fluids that have constant77
surface tension and viscosity.78
Detailed studies of the contraction of cylindrical fluid filaments [14–17] find that the Ohnesorge79
number indicates the critical aspect ratio that determines whether a filament contracts to a single80
drop or breaks up due to droplets breaking away from the end of the filament. For Ohnesorge81
numbers greater than around 0.3, a fluid filament of aspect ratio 25 contracts to a single drop,82
whereas for smaller Ohnesorge numbers the filament will break into multiple droplets [15–17].83
There have been a number of experimental studies of DOD jetting [3, 18–22] in which the84
pressure and velocity response to the electric signal inside the print-head have been measured in85
response to the electrical driving pulse along with the meniscus position and minimum jet radius.86
Castrejon-Pita et al. [23] compare simulations with a large scale experimental model of a drop-87
on-demand printer and found excellent agreement in the detailed predictions of the evolution of the88
fluid domain during drop formation. In their experiments the nozzle diameter was 2mm, however,89
the fluid properties at jetting speeds were chosen such that the Reynolds and Weber numbers90
were representative of industrial inkjet printing. Experimental images of droplet formation were91
compared with numerical simulations using the Lagrangian finite element code of Morrison &92
Harlen [11] and showed excellent agreement between the simulations and experiments.93
In this paper we extend this earlier study [23] and the more recent work of Wang et al. [24] in94
two ways. We explore in further detail the parameter space in which the desired jetting behaviour95
for inkjet printing is found. In particular, we focus on range of values for surface tension and96
viscosity required to produce drops at a desired drop speed from a given nozzle. We also compare97
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FIG. 1. Schematic diagram of the experimental set-up.
our simulations with high speed video observations of drop formation in an industrial inkjet print-98
head rather than a large scale model to determine whether the different driving mechanics and99
more complex structure of a commercial print-head affects the comparison. These experiments100
are complementary to those of Dong et al. [18] as we explore more viscous fluids and the use101
of high speed video allows us to look at the variability between drops. We then examine the102
dependence of different jetting properties, such as ligament length and break-off time on fluid103
parameters and jetting speed. Finally, we present a phase diagram which predicts a region for104
good jetting behaviour parametrised by viscosity and surface tension. Our study shows that to105
achieve a satellite free drop, there is an additional requirement that the Reynolds number should106
be below 10, in addition to the restriction on the Ohnesorge number suggested by previous studies.107
II. METHODS108
A. Experimental Details109
The experiments were performed using a Ricoh GEN-5 print-head (RICOH) which uses a110
piezoelectric drive to generate a pressure pulse in the ink chamber causing liquid to be ejected111
from the nozzle orifice. In this work, the waveform of the voltage (and therefore pressure) signal112
was kept constant, with amplitude adjusted to control the speed of ejected fluid. Other studies113
have investigated the effect of the waveform optimisation in the droplet formation showing key114
characteristics of the timing and the amplitude in different jetting properties [18]. The simulation115
code used in this work requires an equivalent velocity waveform. This was inferred from the flow116
rate at the nozzle orifice. More details of the waveform used in the simulations are discussed in117
Section II B 1.118
High-speed videos were recorded using an ultra-high-speed Photron Fastcam SA-Z camera.119
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This provided images at a resolution of 512× 56 recorded at 480,000 frames per second. This120
allows the evolution of a single drop to be followed, enabling variations between different jetting121
events to be captured, such as the position of satellites drops, whilst producing images of sufficient122
quality for the details of the ligament break-up to be observed.123
Experiments were conducted using two different sets of fluids. A test fluid provided by RI-124
COH with surface tension 30mNm−1, viscosity 12mPas and density 1021 kgm−3 and mixtures125
of Propylene Glycol Phenyl Ether (PPH) and Tripropylene Glycol Methyl Ether (TPM) at 20, 40,126
50 and 60 %(w/v) to give a range of fluids with different viscosities but similar surface tensions.127
The fluid viscosity and surface tension were measured using aMalvern Kinexus rotational rheome-128
ter and surface tension on a Biolin Scientific Theta Attension tensiometer respectively with results129
presented in Table I. As expected all the fluids showed a Newtonian behaviour at the measured130
shear-rates. All the experiments were performed at 26 ◦C.131
TABLE I. PPH-TPM mixtures properties
% PPH Viscosity [mPas] Surface tension [mN/m]
20 7.4 35
40 9.4 36
50 11.6 37
60 12.9 38
test fluid 12 30
B. Simulation Details132
1. Governing Equations and Boundary conditions133
As the temperature of the fluid in the print-head is maintained at a constant value, there are no134
significant temperature variations during the jetting process, and hence the viscosity and surface135
tension can be assumed to be constant. We can also neglect the effects of gravity due to the small136
scales involved [11]. Hence for a Newtonian fluid the dynamics are described by the Navier-Stokes137
equations,138
ρ
Du
Dt
=−∇p+µ∇ · (∇u+(∇u)T) , (1)139
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where u is the fluid velocity, p is the pressure in the nozzle and µ is the dynamic viscosity of the140
fluid together with the condition of incompressibility,141
∇ ·u = 0. (2)142
We shall not model the detailed flow within the entire print-head, but instead consider only the143
flow in the region close to the nozzle. Since the nozzle is axisymmetric this allows us to make the144
assumption of axisymmetry where the axis of symmetry lies at the centre of the outlet nozzle, even145
though the print-head itself is non-axisymmetric. The shape of the nozzle was chosen to replicate146
the dimensions of the experimental nozzle. The initial finite-element grid is shown in Figure 2.147
The curved inlet (left side of Figure 2) is an artificial inflow boundary across which there is a mass148
flow driven by the pressure variations within the print-head.149
Inflow
Wall
Symmetry
line
FIG. 2. The nozzle shape and the initial mesh used in the simulations. The jet is assumed to be axisymmetric
so for the production of subsequent images, the results are mirrored around the axis of symmetry.
A time-dependent velocity boundary condition is imposed on this inlet boundary to provide150
a mass flow with a magnitude given by a driving signal. This is a boundary condition based on151
the qualitative behaviour of the print-head drive, which produces a “pull-push-pull” waveform. A152
graph of the time-dependence of the signal used in the simulations and the corresponding position153
of the meniscus is shown in Figure 3. This is formed of three parabolic segments, each of 4 µs154
duration. In the initial phase (the first parabolic section) the meniscus is drawn back into the print-155
head. In the second phase the pressure drives liquid from the reservoir through the nozzle orifice.156
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FIG. 3. Plot of the driving signal as a function of time, which is imposed as a flux boundary condition over
the nozzle inlet. Inside: Images showing the meniscus position at 0, 6 and 11 µs.
In the final stage liquid is again drawn back into the nozzle from the tail of the emergent jet.157
We assume that the contact line is pinned at the nozzle outlet and that no-slip occurs at the158
nozzle walls. Conditions of zero velocity are imposed (u = 0). At the free surface we assume that159
the drag on a droplet due to air resistance is negligible [20] and impose a boundary condition on160
the stress σ =−pI+µ
[
∇u+(∇u)T
]
due to surface curvature,161
[σ ·n]jetair =−γ (∇s ·n)n.162
Here γ is the coefficient of surface tension, n is the unit vector normal to the free surface (directed163
outward from the jet), and the surface divergence operator is given by ∇s· := ∇ · (I−nn).164
The equations can be put into dimensionless form by scaling lengths with the nozzle outlet165
radius R, velocities by the drop speedU and pressure and stress by ρU2. These scalings yield the166
dimensionless governing equations for the fluid domain Ω167
Du
Dt
−∇ ·σ =0, (3)168
∇ ·u =0, (4)169
where t, u and σ are now the dimensionless time, velocity and stress, respectively, with the stress170
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tensor now given by171
σ =−pI+ 1
Re
[
∇u+(∇u)T
]
. (5)172
The dimensionless interface boundary condition on the free surface Γ is given by173
[σ ·n]jetair =−
1
We
(∇s ·n)n. (6)174
2. Numerical Method175
The governing equations (3) and (4) together with boundary condition Equation (6) were solved176
using a moving grid finite-element method, which was first developed for the study of creeping177
flow of dilute polymer solutions [25] and extended to model DOD printing of both Newtonian178
[23] and viscoelastic inks [11]. In this method, the finite-element mesh is Lagrangian, which179
means that the nodes advect with the fluid flow, so the mesh naturally follows the evolution of the180
free-surface. More information on this method can be found in Harlen et al. [25].181
a. Weak formulation We define φi and ψ j as the respective velocity and pressure basis func-182
tions giving the following Galerkin weak formulation, where we have used integration by parts to183
remove the divergence of stress,184
∫
Ω
φi
Du
Dt
dΩ+
∫
Ω
∇φi ·σ dΩ =
∫
Γ
φiσ ·n dΓ , i= 1, . . . ,Nν (7)185
186 ∫
Ω
ψ j (∇ ·u) dΩ = 0 , j = 1, . . . ,Np, (8)187
where Γ is the boundary of the domain Ω and Nν and Np are the number of non-Dirichlet velocity188
and pressure nodes respectively.189
Applying the free-surface boundary condition to surface integral in Equation (7), gives190
∫
Γ
(φi σ ·n) dΓ =
∫
Γ f
φi
1
We
(∇s ·n)n dΓ, (9)191
as the velocity satisfies a Dirichlet condition on the remaining portion of the boundary.192
This surface boundary contribution is treated using the method presented by Westborg and193
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Hassager [26]. For an axisymmetric surface, the curvature −∇s ·n can be expressed as194
−∇s ·n = κs+κφ , (10)195
where κs is the curvature along the interface and κφ is the azimuthal curvature. κs can be evaluated196
using the Serret-Frenet formula as197
dt
ds
=−κsn, (11)198
where s denotes the arc length along the curve and t the unit tangent vector in the direction of s.199
Hence performing the azimuthual integral along a section of the free surface, we obtain200
∫
ΓAB
φi
1
We
(∇s ·n)n dΓ =
2pi
We
∫ sA
sB
(
dt
ds
−κφ n
)
φir ds (12)201
where sA, sB are the values of s at the endpoint of the interface boundary. Integrating by parts the202
term involving a second-order derivative yields,203
∫
ΓAB
φi
1
We
(∇s ·n)n dΓ =
2pi
We
[tφir]
∣∣∣∣
sA
sB
− 2pi
We
∫ sA
sB
(
t
d
ds
(rφi)+nφirκφ
)
ds. (13)204
With this formulation, we can represent the interface with functions requiring only C0 continuity.205
The first term on the right-hand side of Equation (13) vanishes if the surface contact line is pinned206
since there is no velocity unknown for which φi is non-zero at the contact point. However, this207
term must be included when considering a dynamic contact line.208
b. Time-discretisation Time derivatives are evaluated using a theta scheme where the value209
of a variable ψ at the (n+1)th time step is given by210
ψn+1 = ψn+δ t [θψ˙n+1+(1−θ)ψ˙n] , (14)211
where δ t is the time step, θ ∈ [0,1] is the weighting parameter of the scheme and ψ˙ = dψ/dt. In212
addition to the time derivative in the momentum equation, the solution at the (n+1)th step depends213
upon the position of the nodes, which move with the fluid velocity. Since the node positions depend214
on the solution for the velocity, a Picard iteration scheme is used to determine the future positions215
of the nodes.216
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c. Pinch-off The event of capillary break-up of the fluid thread connecting the main droplet217
to the print-head is a point of singularity of the Navier-Stokes equations. Therefore although218
simulations with sufficient resolution can approach this point, they cannot capture the change in219
surface topology when the fluid domain is broken into separate domains. In keeping with previous220
work [23] we artificially cut the domain at a point where the minimum jet radius is below a certain221
threshold. Here the threshold is taken to be < 1% of the nozzle outlet radius, as this is beyond the222
point where the thinning follows the universal capillary pinching solution [27]. We have verified223
that this value is sufficient to capture the dynamics by comparing with simulations using more224
refined meshes and lower values for the cut-off threshold, where we found no significant changes225
to the break-off time, ligament length and drop speed.226
Once broken off, the separate fluid domains do not interact. This means that we do not capture227
coalescence events that occur when faster moving satellite drops collide with slower moving drops228
in front of them. This can be seen for example in the bottom frame in Figure 5 where there appears229
to be a satellite in front of the main drop, which would have merged with the main drop.230
III. RESULTS231
A. Comparison between Simulations and Experiments232
We begin by comparing the images of drop formation between the simulations and experiments233
for droplets jetted at 7ms−1, which is considered the optimal printing speed for this print-head.234
These are shown in Figures 4 and 5 where we compare snapshots at different times after the drop235
emerges from the nozzle. Each image compares two different experimental droplets produced from236
the same nozzle under the same jetting conditions with the simulation where the ink properties at237
drop speed match those of the experiments presented in Section II A. The principle uncertainty in238
the comparison is the precise form of the driving waveform.239
Nevertheless it can be seen that there is good agreement between the experiments and the240
simulations. In particular, the first snapshot taken shortly after the ligament detaches from the241
print-head, shows that this first break-off event is captured accurately by the simulations. Follow-242
ing break-off the ligament shortens with a bulb forming at the end. In the final frame we see the243
growth of variations in the filament thickness that lead to break-up of the filament into satellites.244
Comparing the final frames in Figure 4 we observe that precise position of these bulges on the245
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FIG. 4. Comparison between simulations (white background) and experiments (grey background) with test
fluid (RICOH) at different times for a prescribed drop speed of 7ms−1 at 41 µs, 48 µs and 77 µs, from top to
bottom. Solid black line in the top picture indicates the position of the nozzle plate. Here, we present two
different experimental droplets produced from the same nozzle under the same jetting conditions.
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FIG. 5. Comparison between simulations (white background) and experiments (grey background) with PPH
40% mixture at different times for a prescribed drop speed of 7ms−1 at 33 µs, 60 µs and 89 µs, from top to
bottom. Solid black line indicates the position of the nozzle plate. Note the appearance of a satellite below
the main drop at the longest elapsed time is an artefact of the simulation method and would in practice have
coalesced with the main drop.
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filament differs between the left and right-hand image, indicating that these arise from the growth246
of instabilities seeded by noise that varies between droplets. Similar variations in thickness are247
seen in the simulations, although we observe an earlier break-up of the tail of the filament in the248
simulations than is seen experimentally.249
The 40% PPH solution, shown in Figure 5 shows a qualitatively similar evolution. However, in250
the final frame it can be seen that the ligament is both shorter and that the instability has developed251
further to the point where the ligament of the left-hand image has broken into two satellite drops.252
This fluid has both a lower viscosity and a higher surface tension than the RICOH test fluid, and so253
has a lower Ohnesorge number. Again the ligament in the simulation breaks up slightly earlier than254
in the experiments. This may be a consequence of the approximation of the drive waveform. Note255
also that the appearance of a satellite below the main drop at the longest elapsed time is an artefact256
of the simulation method and would in practice have coalesced with the main drop. Nevertheless257
the overall level of agreement confirms that our numerical model can capture the dynamics of jet258
break-up in a commercial inkjet print-head.259
B. Effect of Jetting Speed260
We next examine the effects of varying the jetting speed, by varying the amplitude of the drive261
waveform (or in the case of the experiments the voltage applied to the piezoelectric drive). The262
ink properties for the simulations were chosen to match the ones of the test fluid, described in263
Section II A. The velocity of the drop increases nearly linearly with the amplitude, in agreement264
with previous experimental studies [1]. In inkjet printing the desired range of the drop velocity is265
usually 5− 10ms−1, to prevent drops splashing on impact.266
We denote the break-off time as the time interval between the start of the drive waveform and267
the break-off of the droplet from the nozzle as a function of drop velocity in the simulations. In268
Figure 6 we see that this increases only slightly with increasing droplet speed (by a factor of 10%269
between 5 and 11 ms−1), suggesting that break-off is primarily determined by surface tension270
driven thinning rather than the pressure wave. It can also be observed that the time to break-271
off is comparable with the Rayleigh timescale tR =
√
ρR3/γ = 8.153 µs for the growth rate of the272
capillary instability. However, the increasing drop speed does lead to a slight increase in break-off,273
which may be considered counter-intuitive, but arises from the stabilising effect of the extensional274
flow.275
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FIG. 6. Graph showing the time of break-off of the droplet from the nozzle as a function of drop velocity
from simulations. Time is measured from the start of the drive signal. The solid line shows a linear fit to
the data and shows that the break-off time has a weak linear increase with the drop velocity.
A consequence of the break-off time being only weakly dependent on the drop velocity is that276
the ligament length at break-off grows approximately linearly in proportion to the drop velocity277
and can be many jet diameters in length. This is shown in Figure 7 where we compare the ligament278
lengths at different drop velocities between the simulations and experiments. Due to the resolution279
of video images there is an uncertainty in the ligament lengths measured from the experiments due280
to the size of the pixels. To establish a length-scale, we count the number of pixels across the281
diameter of the droplet, which is known, and assume an error of plus and minus one pixel in this282
measurement. This provides a relative error for the ligament length measurements. It can be seen283
that the simulations and experiments agree within this error range. These results also agree with284
the observations in previous experimental work of Dong et al. [18].285
The results in Figures 6 and 7 indicate that the time of break-off is largely independent of drop286
velocity and that this time is comparable with the Rayleigh timescale. In contrast, the ligament287
length is directly proportional to droplet velocity over the typical operating range.288
C. Different Fluid Properties289
We now examine the effect of changing fluid properties when printing at a prescribed drop290
speed of 7ms−1. In these simulations the surface tension and viscosity were varied in the range of291
20-90mNm−1 and 8-12 mPas respectively. For each fluid the amplitude of the velocity waveform292
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Simulations
Experiments
FIG. 7. Comparison of the ligament length at the point of break-off as a function of drop velocity between
simulations and experiments. The solid line is the linear fit to the simulation data. The ligament length
increases linearly with the drop velocity.
was adjusted until the desired drop velocity was achieved, however, the shape of the waveform293
was kept constant.294
FIG. 8. Break-off time for different fluids jetted at 7ms−1. The solid line shows the inverse square root of
surface tension proportional to the Rayleigh timescale.
The results from Section III B suggest that while the drop speed is determined by the driving295
waveform, break-off is primarily driven by surface tension thinning. Figure 8 shows the first break-296
off time for different ink properties. It can be seen that the first break-off time is proportional to297
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FIG. 9. Ligament length at break-off time for different fluids jetted at 7ms−1. Measurements for the
ligament length for different PPH/TPM blend are presented. The results agree well with the predicted
simulations trend.
γ−1/2, in agreement with the scaling suggested by the Rayleigh timescale. For this range of fluid298
viscosities there is also an increase in break-off time with viscosity, particularly for low values of299
surface tension, which correspond to the highest values of Ohnesorge number. However, at low300
Ohnesorge number fluid viscosity is of secondary importance. Figure 9 shows the variation in301
ligament length, which mirrors the variations in break-off time. Experimental measurements for302
the different PPH/TPM blends are also shown in Figure 9, where we can see a very good agreement303
with the trend predicted by the simulations.304
Figure 10 and Figure 11 compare the jetting behaviour between experiments and simulations305
for different solutions of PPH/TPM with properties presented in Table I at constant drop speed306
(7ms−1). The surface tension of these mixtures are approximately the same ( 36± 2 mNm−1)307
while the viscosity ranges from 7.4 to 12.9 mPas. This increase in viscosity leads to a small308
increase in the break-off time and the ligament length as shown in Figure 10.309
D. Jetting Behaviour310
We now turn our attention to the subsequent drop formation after the drop and attached ligament311
has broken off from the nozzle in order to determine the range of fluid properties for which the312
jetted fluid forms into a single drop of the desired velocity before reaching the substrate. To do313
this, we ran a series of simulations with fluids of different viscosities and surface tensions through314
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(a) (b)
(c) (d)
FIG. 10. Comparison between different PPH/TPM blends at 7ms−1. Left: experiments, right: simulations,
(a) 20% at 31 µs, (b) 40% at 35 µs, (c) 50% at 39 µs and (d) 60% at 41 µs with ligament length of 22mm,
25mm, 30mm and 28mm respectively.
the same nozzle design at the same drop speed. For each of the simulations, the jetting behaviour315
is characterised as being one of three types:316
• ‘good’ if a single drop is formed or a small number of fast satellites are formed that will317
coalesce with the main drop,318
FIG. 12. An example of good jetting behaviour. The two satellite droplets are moving faster than the main
drop and so will merge with it.
• ‘ligament’ where the ligament becomes very long, typical of more viscous fluids with low319
surface tension. Although these ligaments will eventually either retract into a single drop or320
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(a) (b)
(c) (d)
FIG. 11. Comparison between different PPH/TPM blends at 7ms−1. Left: experiments, right: simulations,
(a) 20% at 89 µs, (b) 40% at 94 µs, (c) 50% at 96 µs and (d) 60% at 100 µs respectively. Note the appearance
of a satellite below the main drop at the longest elapsed time is an artefact of the simulation method and
would in practice have coalesced with the main drop.
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break-up into satellite drops this can take longer than the time of flight of the drop before321
striking the substrate.322
FIG. 13. An example of jet formation with a long stable ligament.
• ‘satellites’ where the ligament breaks up into multiple smaller drops that do not coalesce323
with the main drop, typical of less viscous fluids.324
FIG. 14. An example of drop formation where multiple satellite drops are formed that will not merge with
the main drop.
In some cases it can be difficult to distinguish between the latter two as long ligaments will325
eventually break into satellites, so that some cases are classed as ‘ligament/satellite’ to indicate326
that a long ligament is formed that then breaks into satellites.327
In Figure 15 we show the range of fluid properties where these different behaviours are found328
in the form of a phase diagram in Ohnesorge-Reynolds space [8]. Since the Reynolds number is329
independent of the surface tension, changes in surface tension correspond to movements parallel to330
the vertical axis, whereas decreasing viscosity both reduces the Ohnesorge number and increases331
the Reynolds number.332
The region of good behaviour, sketched in the green cross region is found to occur for Ohne-333
sorge numbers in the range 0.2<Oh < 0.4. We did not explore Ohnesorge numbers less than 0.2334
as this was outside the range of realistic values of surface tension and viscosity for our chosen noz-335
zle radius. This is consistent with the suggested jetability range of 0.1<Oh < 1 [8, 28]. However336
we find an additional restriction to Re < 10. At higher Reynolds numbers, we always observe337
satellite formation even at Oh = 0.3. This restriction is distinct from the Reynolds number limit338
discussed in the literature [1, 8], which arises from splashing on impact with the substrate. In this339
case the restriction arises from the length (and hence aspect ratio) of the ligament formed behind340
the drop. At a fixed value of Oh an increase in Reynolds number corresponds to an increase in341
drop velocity and hence ligament length, as shown in Figure 7. Even at moderate values of Oh ,342
ligaments of very high aspect ratio will break up to form satellite drops [7, 16]. At values of343
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FIG. 15. Jetting behaviour diagram showing the location of different classes of drop formation in terms of
Oh and Re .
Oh > 0.4, fluid viscosity significantly retards the break-off of the drop from the nozzle as seen in344
Figure 8 for low surface tension and high viscosity resulting in the formation of a long ligament.345
IV. CONCLUSIONS346
We have presented results from numerical simulations and experiments of droplet formation in347
an industrial DOD print-head. We find good agreement in the evolution of droplet shapes between348
the experiments and simulations, despite of the uncertainty in determining the precise shape of the349
drive waveform.350
This level of agreement allows us to use the simulations to analyse the mechanisms driving351
droplet formation. Whilst the drive is responsible for the momentum of the drop, it is surface352
tension that it responsible for the break-off from the nozzle and is found to be proportional to the353
Rayleigh timescale for the growth of capillary instabilities. Indeed the effect of increasing drop354
velocity is to increase slightly the break-off time. As a consequence, the length of the ligament355
behind the drop grows in proportion to the drop speed. The length of this ligament limits the range356
of drop velocities for which the ligament will retract into the main drop before it breaks up to357
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form satellite drops. For the particular print-head and drive in our study we find that this limits358
the range of fluids that produce satellite free drops to Reynolds numbers below 10, irrespective of359
the Ohnesorge number of the fluid. This provides an additional limit of the window of “printable”360
fluids in addition to the restriction on the values of the Ohnesorge number.361
Our results also confirm that an Ohnesorge number of around 0.3 is optimal for controlling362
satellites in DOD printing. Although a larger Ohnesorge number would further stabilise the re-363
tracting ligament, the increased viscosity also acts to delay the break-off from the nozzle and so364
increases the length of the ligament.365
ACKNOWLEDGMENTS366
This work was supported by the Engineering and Physical Sciences Research Council (EPSRC)367
Centre for Doctoral Training in Fluid Dynamics at the University of Leeds under Grant No.368
EP/L01615X/1. The authors would like to thank RICOH for supporting the project.369
[1] S. D. Hoath, Fundamentals of inkjet printing: the science of inkjet and droplets (John Wiley & Sons,370
2016).371
[2] G. D. Martin, S. D. Hoath, and I. M. Hutchings, Inkjet printing-the physics of manipulating liquid jets372
and drops, in Journal of Physics: Conference Series, Vol. 105 (IOP Publishing, 2008) p. 012001.373
[3] I. Hutchings, G. Martin, and S. Hoath, High speed imaging and analysis of jet and drop formation,374
Journal of Imaging Science and Technology 51, 438 (2007).375
[4] C. McIlroy, Complex inkjets: particles, polymers and non-linear driving, Ph.D. thesis, University of376
Leeds (2014).377
[5] J. Plateau, Experimental and theoretical statics of liquids subject to molecular forces only, (1873).378
[6] L. Rayleigh, On the instability of jets, Proceedings of the London Mathematical Society 1, 4 (1878).379
[7] S. Hoath, J. Jung, and I. M. Hutchings, A simple criterion for filament break-up in drop-on-demand380
inkjet printing, Physics of Fluids 25, 021701 (2013).381
[8] G. H. McKinley and M. Renardy, Wolfgang von Ohnesorge, Physics of Fluids 23, 127101 (2011).382
[9] B. Derby, Inkjet printing of functional and structural materials: fluid property requirements, feature383
stability, and resolution, Annual Review of Materials Research 40, 395 (2010).384
22
[10] O. A. Basaran, H. Gao, and P. P. Bhat, Nonstandard inkjets, Annual Review of Fluid Mechanics 45,385
85 (2013).386
[11] N. F. Morrison and O. G. Harlen, Viscoelasticity in inkjet printing, Rheologica acta 49, 619 (2010).387
[12] S. D. Hoath, O. G. Harlen, and I. M. Hutchings, Jetting behavior of polymer solutions in drop-on-388
demand inkjet printing, Journal of Rheology 56, 1109 (2012).389
[13] J. de Jong, G. de Bruin, H. Reinten, M. van den Berg, H. Wijshoff, M. Versluis, and D. Lohse, Air390
entrapment in piezo-driven inkjet printheads, The Journal of the Acoustical Society of America 120,391
1257 (2006).392
[14] R. Schulkes, The contraction of liquid filaments, Journal of Fluid Mechanics 309, 277 (1996).393
[15] P. K. Notz and O. A. Basaran, Dynamics and breakup of a contracting liquid filament, Journal of Fluid394
Mechanics 512, 223 (2004).395
[16] A. A. Castrejon-Pita, J. R. Castrejon-Pita, and I. M. Hutchings, Breakup of liquid filaments, Physical396
review letters 108, 074506 (2012).397
[17] C. R. Anthony, P. M. Kamat, M. T. Harris, and O. A. Basaran, Dynamics of contracting filaments,398
Physical Review Fluids 4, 093601 (2019).399
[18] H. Dong, W. W. Carr, and J. F. Morris, An experimental study of drop-on-demand drop formation,400
Physics of Fluids 18, 072102 (2006).401
[19] G. D. Martin, I. M. Hutchings, and S. D. Hoath, Jet formation and late-stage ligament instability in402
drop-on-demand printing, in NIP & Digital Fabrication Conference, Vol. 2006 (Society for Imaging403
Science and Technology, 2006) pp. 95–98.404
[20] R. Li, N. Ashgriz, S. Chandra, and J. R. Andrews, Contraction of free liquid ligaments, AIChE Journal405
54, 3084 (2008).406
[21] M. Tjahjadi, H. A. Stone, and J. M. Ottino, Satellite and subsatellite formation in capillary breakup,407
Journal of Fluid Mechanics 243, 297 (1992).408
[22] F. Muzzio, M. Tjahjadi, and J. M. Ottino, Self-similar drop-size distributions produced by breakup in409
chaotic flows, Physical Review Letters 67, 54 (1991).410
[23] J. Castrejón-Pita, N. Morrison, O. Harlen, G. Martin, and I. Hutchings, Experiments and lagrangian411
simulations on the formation of droplets in drop-on-demand mode, Physical Review E 83, 036306412
(2011).413
[24] S. Wang, Y. Zhong, and H. Fang, Deformation characteristics of a single droplet driven by a piezo-414
electric nozzle of the drop-on-demand inkjet system, Journal of Fluid Mechanics 869, 634 (2019).415
23
[25] O. Harlen, J. Rallison, and P. Szabo, A split lagrangian-eulerian method for simulating transient vis-416
coelastic flows, Journal of Non-Newtonian Fluid Mechanics 60, 81 (1995).417
[26] H. Westborg and O. Hassager, Creeping motion of long bubbles and drops in capillary tubes, Journal418
of Colloid and Interface Science 133, 135 (1989).419
[27] J. Eggers, Universal pinching of 3d axisymmetric free-surface flow, Physical Review Letters 71.420
[28] I. M. Hutchings and G. D. Martin, Inkjet technology for digital fabrication (JohnWiley & Sons, 2012).421
[29] A. U. Chen and O. A. Basaran, A new method for significantly reducing drop radius without reducing422
nozzle radius in drop-on-demand drop production, Physics of Fluids 14, L1 (2002).423
[30] H. Dong, W. W. Carr, and J. F. Morris, Visualization of drop-on-demand inkjet: Drop formation and424
deposition, Review of Scientific Instruments 77, 085101 (2006).425
[31] W. M. Deen, Analysis of transport phenomena (Oxford University Press New York, 1998).426
[32] P. Gresho and R. Sani, Incompressible flow and the finite element method. volume 2: Incompressible427
flow and finite element, (1998).428
[33] L. G. Leal, Laminar flow and convective transport processes, Vol. 251 (Elsevier, 1992).429
24
